Introduction
Epithelial cells of the gastrointestinal tract are an important barrier between the "milieu interne" and the luminal content of the gut. They perform the transport of nutrients, salts and water, which is essential for the maintenance of body homeostasis. Additionally, it constitutes the major route for xenobiotic entry and is also an important site of secretion of many compounds. Biological membranes prevent transmembrane diffusion of the majority of organic molecules that bear net charges. Organic cations are polar and positively charged at physiological pH making the involvement of membrane-bound transport systems on its biokinetic, necessary. Thus, intestinal transporters play a crucial role in limiting and/or promoting the bioavailability of organic cations.
It has been demonstrated that the absorption of certain nutrients and drugs and their effects may be influenced by the concomitant ingestion of certain food components. In a previous work, 1 the ability of procyanidins, a group of compounds common in diet, a class of polyphenolic polymers composed of flavan-3-ol units (catechin and epicatechin) found specially in red wine, apples, tea and cocoa or chocolate, to modulate (increasing or decreasing) organic cation apical uptake into Caco-2 cells (human colon epithelial cancer cell line used as a model of human intestinal absorption) was observed, and it was suggested that this could be achieved through oxidationreduction pathways. It has been well established that high glucose environments favour oxidative stress through mechanisms that include nonenzymatic, enzymatic and mitochondrial pathways. As a consequence, cellular components (lipids, proteins and nucleic acids) may undergo significant modifications that can culminate in cell injury. Several reports focusing on aging and diabetes mellitus have implicated high extracellular glucose concentrations in significant alterations in regulatory and functional activity of proteins. [2] [3] [4] [5] [6] [7] If targets of such alterations are transporters that regulate molecule transfer in exchange surfaces, like the intestinal epithelium, bioavailability of substrates can be compromised.
Intestinal oxidative state can alter nutrient and drug bioavailability Organic cations (OCs) are substances of endogenous (e.g., dopamine, choline) or exogenous (e.g., drugs like cimetidine) origin that are positively charged at physiological ph. since many of these compounds can not pass the cell membrane freely, their transport in or out of cells must be mediated by specific transport systems. Transport by organic cation transporters (OCTs) can be regulated rapidly by altering their trafficking and/or affinities in response to stimuli. However, for example, a specific disease could lead to modifications in the expression of OCTs. Chronic exposure to oxidative stress has been suggested to alter regulation and functional activity of proteins through several pathways. According to results from a previous work, oxidation-reduction pathways were thought to be involved in intestinal organic cation uptake modulation. The present work was performed in order to evaluate the influence of oxidative stressors, especially glutathione, on the intestinal organic cation absorption. For this purpose, the effect of compounds with different redox potential (glutathione, an endogenous antioxidant, and procyanidins, diet antioxidants) was assessed on MPP + (1-methyl-4-phenylpyridinium iodide) uptake in an enterocyte cell line (Caco-2). Caco-2 cells were subcultured with two different media conditions (physiological: 5 mM glucose, referred as control cells; and high-glucose: 25 mM glucose, referred as HG cells). In HG cells, the uptake was significantly lower than in control cells. The aim of this study was to assess the effect of compounds with different redox potential (glutathione and procyanidins) on MPP + (1-methyl-4-phenylpyridinium iodide) uptake in Caco-2 cells. Caco-2 cells were subcultured with two different media conditions: physiological (5.5 mM) or high glucose concentration (25 mM).
Results
In the present work, Caco-2 cells were used. These cells are a human colon epithelial cancer cell line used as a model of human intestinal absorption of drugs and other compounds. When cultured as a monolayer, Caco-2 cells differentiate to form tight junctions between cells to serve as a model of paracellular movement of compounds across the monolayer. In addition, Caco-2 cells express transporter proteins, efflux proteins to model a variety of transcellular pathways as well as metabolic transformation of test substances. In many respects, the Caco-2 cell monolayer mimics the human intestinal epithelium. In vitro permeability assays remain a valuable tool of screening leading scientists for compound optimization. For more than a decade, the Caco-2 screening assay has remained a popular, in vitro system to test compounds for intestinal permeability and efflux liability.
As previously reported, 12 uptake of 3 H-MPP + into Caco-2 cells is linear in time for up to 5 min of incubation. Therefore, in order to determine initial rates of uptake, cells were incubated in the presence of 3 As previously demonstrated, 13 3 H-MPP + uptake was significantly reduced in Caco-2 cells treated with 
Discussion
Organic cations (OCs) are substances of endogenous (e.g., dopamine, choline) or exogenous (e.g., drugs like cimetidine) origin that are positively charged at physiological pH. Since many of these compounds can not pass the cell membrane freely, their transport in or out of cells must be mediated by specific transport systems. Transport by organic cation transporters (OCTs) can be regulated rapidly by altering their trafficking and/or affinities in response to stimuli. However, for example, diabetes is associated high glucose concentration (HG) as compared to control cells (Fig. 1A) . Additionally, a reduction of MPP + uptake in Caco-2 cells by depletion of glutathione was observed (Fig. 1A) .
Caco-2 cells, were preincubated with glutathione (500 μM, 1 mM and 5 mM) for 3 and 60 min. Preincubation with reduced glutathione led to a reduction in 3 H-MPP + uptake (Fig. 1B) . Glutathione inhibited 3 H-MPP + uptake in both cells in a concentration-and time dependent manner. When both cell cultures were preincubated (3 and 60 min) with 1 mM oxidized glutathione (GSSG), a significant inhibition of 3 H-MPP + uptake was observed. This effect was significantly more pronounced than that of GSH at the same concentration (Fig. 2) . Additionally, 60 min of preincubation with GSH and GSSG led to a significant reduction of 3 H-MPP + uptake compared with 3 min of preincubation (Fig. 2) .
Procyanidins were chromatographically fractionated by molecular weight, according to their structural complexity ( Table 1) . 1 In the present work, all tested procyanidin fractions (FI-FV) increased 3 H-MPP + uptake in both control and HG cells. Interestingly, their effect was more marked in HG cells (Fig. 3) .
In agreement with our results, our hypothesis is schematically represented in 
Table 1. General structure of procyanidins (condensed tannins)
Procyanidins were fractionated using low pressure chromatography and recovered during a period of time. Average molecular weights (in Dalton) of procyanidins in grape seeds fractions was determined by Liquid Secondary Ion Mass Spectrometry.. glutathione were found to inhibit MPP + uptake in both cells, even though the effect was less pronounced in HG cells. The fact that GSSG exerted a more pronounced inhibition on MPP + uptake than GSH, and that the inhibitory effects of both GSH and GSSG were more marked after 60 min of preincubation, continues to point to the hypothesis of an involvement of redox changes. As a matter of fact, oxidation of GSH may have occurred during the preincubation. On the other hand, a different effect of glutathione on the transporter, independent of redox changes, can not be excluded.
In a previous work, it has been demonstrated that procyanidinspolyphenolic compounds widespread in nature, commonly present in the human diet, and with well known antioxidant effects, increase 3 H-MPP + uptake in Caco-2 cells. 1 In the present work, all tested procyanidin fractions (FI-FV) increased 3 H-MPP + uptake in both control and HG cells, which was more marked in HG cells. This outcome strengthen the hypothesis of the involvement of redox mechanisms in HG effects on 3 H-MPP + uptake. To our knowledge, there has been no data describing the importance of the redox state in OCT1-or OCT3-mediated transport, although these transporters possess several amino acid residues in intra-and extracellular domains 17, 18 that are prone to alteration, being readily oxidized upon changes in cellular redox state. Altogether this work's results are compatible with a modulation of organic cation transport in Caco-2 cells through redox mechanisms.
In conclusion, the data yielded from this study supports the possible influence of redox status on organic cation transport across intestinal epithelial cells. As the maintenance of Caco-2 cells in media with 25 mM glucose is quite common in experimental settings, [19] [20] [21] results of transmembranar transport modulation must be analysed with great care. Cells and culture conditions. The Caco-2 cell line was obtained from the American Type Culture Collection (ATCC37-HTB, Rockville, MD USA) and was used between passage number 30-41. Caco-2 cells were maintained in a humidified with reduced gene and protein expression of renal OCT1, OCT2 and OCT3. 14 The purpose of this study was to evaluate the influence of oxidative stress exposure of Caco-2 cells on the functional activity of organic cation absorption, thus, on their bioavailability. Different mechanisms might have been involved in the observed effect including modification of substrate or transporter protein as a consequence of redox alteration in cellular environment. According to literature, 15 organic cation transporter 1 (hOCT1) and organic cation transporter 3 (hOCT3 or hEMT) are the transporters implicated in organic cation uptake at the brush-border membrane of Caco-2 cells. Previous work has shown that hOCT3 transcription was downregulated in HG cells, whereas hOCT1 was not affected by this treatment. 13 As to the mechanism of the modulatory effects of high glucose on the transport of MPP + into Caco-2 cells, the involvement of oxidation-reduction pathways had already been suggested. 1 In agreement with this hypothesis, in the present work, a reduction of MPP + uptake in Caco-2 cells by depletion of glutathione was observed. Glutathione (GSH) is part of endogenous antioxidant defences, and therefore, under these conditions, an alteration in the redox cellular environment, favouring an oxidative surrounding, is expected. 16 In the present work, glutathione inhibited 3 H-MPP + uptake in both cells in a concentration-and time dependent manner. When both cell cultures were preincubated with 1 mM oxidized glutathione (GSSG), a significant inhibition of 3 H-MPP + uptake was observed. This effect was significantly more pronounced than that of GSH at the same concentration. These results are not clear since both reduced and oxidized temperature overnight. Radioactivity in the cells was measured by liquid scintillation counting.
Materials and Methods

Reagents.
Effect of compounds. Compounds to be tested were present during both the preincubation and incubation periods. Controls for all treatments were run in the presence of the solvent (1%).
Procyanidin fraction. Condensed tannins were extracted from Vitis vinifera as described elsewhere 8 and separated according to the procedure described in the literature. 9 The grape seed extract was fractionated through a TSK Toyopearl HW-40(s) gel column (250 mm x 16 mm i.d., with 0.8 ml min -1 methanol as eluent) according to the procedure described in the literature with some modifications. 10 Fractions were all obtained after elution with 99.8% (v/v) methanol; the first 120 ml, corresponding to the elution of catechin monomers, were eliminated, and elution was followed over 5 h in order to elute the procyanidin oligomers; all the fractions were mixed with deionised water; the solvent was eliminated using a rotary evaporator under reduced pressure at 30°C and then freeze dried. The resulting solids were analysed by laser secondary ionisation mass spectrometry (LSIMS) ( Table  1) . Procyanidins were dissolved in ethanol and maintained at -80°C until use. Procyanidin oxidation was achieved by exposure of a small amount of procyanidin solution to air, at room temperature, for 7 days.
Protein determination. The protein content of cell monolayers was determined using Bradford's method as described, 11 with human serum albumin as standard.
Calculations and statistics. Values are expressed as the arithmetic mean ± SEM. Statistical significance of the difference between groups was evaluated by one-way analysis of variance (ANOVA) followed by the Bonferroni test. Statistical significance between two groups was evaluated by Student's t-test. Differences were considered significant when p < 0.05.
atmosphere of 5% CO 2 -95% air and were grown in Minimum Essential Medium (Sigma, St. Louis, MO, USA) containing either 25 mM (high) or 5.5 mM (physiological) glucose and supplemented with 15% fetal bovine serum, 25 mmol l -1 HEPES, 100 units ml -1 penicillin, 100 μg ml -1 streptomycin and 0.25 μg ml -1 amphotericin B (all from Sigma). Caco-2 cells were adapted for at least five passages to the high glucose concentration. Osmolarity control was performed with mannitol. Culture medium was changed every 2 to 3 days and the culture was split every 7 days. For subculturing, the cells were removed enzymatically (0.25% trypsin-EDTA), split 1:3, and subcultured in plastic culture dishes (21 cm 2 ; Ø 60 mm; Corning Costar, Corning, NY). For the experiments, Caco-2 cells were seeded on 24-well plastic cell culture clusters (2 cm 2 ; Ø 16 mm; Corning Costar). For 24 h before the experiment, the cell medium was free of fetal bovine serum. GSH depletion was obtained by pre-treating cells with 1 mM DL-buthionine-(S,R)-sulfoximine (BSO), an inhibitor of GSH synthase, in culture medium free of fetal bovine serum for 22 h and with 30 μM of N-ethylmaleimide (NEM), a cysteine-alkylator for 1 h. After washing the cells with culture medium, they were treated with BSO for an additional hour. Uptake studies were performed 9-11 days after the cells formed a monolayer.
Transport studies. Transport experiments were performed in Hanks' medium with the following composition (in mmol l Initially, the growth medium was aspirated and the cells were washed with Hanks' medium at 37°C; then the cell monolayers were preincubated in Hanks' medium at 37°C. Transport studies were performed in cells cultured on plastic supports, 3 H-MPP + being applied to the medium facing the apical cell membrane. Uptake was initiated by the addition of 0.3 ml medium at 37°C containing 200 nM 3 H-MPP + . Incubation was stopped after 5 min by placing the cells on ice and rinsing them with 0.5 ml icecold Hanks' medium. The cells were then solubilized with 0.3 ml 0.1% (v/v) triton X-100 (in 5 mmol l -1 tris.HCl, pH 7.4), at room
